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Introduction
The national political goal for the Danish energy system is to have a 100% renewable energy (RE) supply in 2050 (The Danish Government, 2012) . This involves a transformation of the existing energy system, which is at present supplied with approximately 73% fossil based energy (Danish Energy Agency, 2015a) . Currently, the transition is challenged by extraordinary low electricity prices, which reduce the short-term feasibility of wind turbines and the incentive to invest in new turbines. The low electricity prices also limit the operation of combined heat and power (CHP) plants in district heating (DH) systems. Hence, CHP is replaced with heat production in biomass based heat-only boilers and the incentive to reinvest in CHP capacity is small. This is reflected in the Danish transmission system operator's projection of the CHP capacity in Denmark, which is expected to decrease significantly during the coming decades. See Figure 1 . (Energinet.dk, 2015) . This development will reduce the general fuel efficiency of the energy supply in Denmark and heat pumps (HPs) are often suggested as a solution to this. HPs can increase demand for electricity and produce heating at a high efficiency replacing production in heat-only boilers. HPs are generally not a feasible technology for the DH plants to invest in because of the current tax structure. It will require a revision of the regulatory framework for HPs in DH to become feasible. In the neighbour countries Sweden, Norway and Finland, which have similar conditions as Denmark, there are already large HPs operating in DH. In (Clausen et al., 2014 ) a number of examples are given from these countries above 10 MW-scale per plant, and using different heat sources.
Figure 1 Projected development in CHP capacity in Denmark for central and decentralised CHP plants

Related Studies
In the transition towards 100% RE, the biomass used for energy supply is an increasingly critical resource, as it is the only naturally available fuel that can directly substitute fossil fuels. Hence, the biomass resources used in energy systems should be prioritised for purposes where fuel is needed or for process energy where other options are not viable. This is discussed further in (Mathiesen et al., 2012) . Andersen and Lund (2007) present one solution to strengthen the position of CHP plants by establishing new partnerships between decentralised CHP plants. Thereby, the plants become able to deliver new electricity system services by cooperating on bidding in the electricity markets. Karschin and Geldermann (2015) also focus on the fuel efficiency of using CHP for heat production recognising the availability of biomass resources as a parameter in planning for systems based on RE.
According to Connolly and Mathiesen (2014) , the development towards a 100% RE system requires a combination of DH and flexible HPs to integrate the fluctuating energy sources in the most feasible way. Thermal storage in the DH system is needed to allow HPs and CHP to operate more independent of heat demand and electricity prices. As larger capacities of fluctuating power supply is introduced, other storage technologies may be needed as well. Even the island of Samsø, which is known for innovative solutions; is a net-exporter of RE and can be seen as a front runner on RE in Denmark, has no HPs in its DH supply, but a large share of biomass boiler production (Nielsen and Jørgensen, 2015) . For the context of Greater Copenhagen, Bach et al.(2016) have analysed the potential for using large HPs in the DH supply, considering different heat sources and COP's. The results indicate that there is a potential for HPs in the region but do not conclude on overall feasibility.
A number of studies have shown that HPs have a potential for integrating fluctuating renewable heat and electricity production. Pensini et al. (2014) show how fuels for heating can be replaced with electricity from renewable sources by using HPs. Ommen et al. (2014) suggest and assess a number of specific ways of integrating HPs in DH. Blarke and Dotzaur (2011) suggest a new concept of integrating CHP and HP units creating a more intermittency-friendly system. This indicates that a higher capacity of HPs will increase the ability of the system to integrate fluctuating renewable electricity sources. In Blarke (2012) , HPs are compared with electric boilers in terms of cost effectiveness for that same purpose.
Contribution of the Present Study
The purpose of this study is two-fold. The primary purpose is to assess the economic potential for introducing HPs in DH in Denmark. The secondary purpose is to compare and assess the differences of two types of tools for performing the analysis. This is done by developing energy system models for the Danish energy system in 2013 and 2025, respectively, and identifying the economically optimal capacities of HPs in these models. This analysis is done in two different energy systems analysis tools, EnergyPLAN and MODEST, and the results and differences are compared and discussed. The knowledge produced can support political decisions on the energy system development in Denmark.
Chapter 2 presents central theoretical considerations and methods regarding the energy systems modelling followed by Chapter 3, which presents the concrete applied analysis assumptions. In Chapter 4 the results of the analysis is discussed and in Chapter 5, conclusions are given.
Theory and Methods
In this chapter, the main theoretical concepts and background for the choice of the modelling tools are elaborated.
A System Approach
To apply a system approach is a way of thinking (Churchman, 1968) about the total studied system and its components. According to Wallén (1996) , a wide definition describes a system as a group of objects that interact. As a totality, the system has qualities which are more diverse than what can be expected in the single objects. Also Ingelstam (2002) claims that a system entails two types of parameters: the components of the system and the connection between them. In system analyses, it is vital to identify the connections between the different components of the system and the interaction between them as well as to interpret the system itself.
When conducting a system analysis, the first assignment is to find an appropriate delimitation: what is inside and what is outside the system. In addition to system delimitation, some of the main points in theoretical system analyses are the creation of a system and studies of, for example, energy flows inside the system and flows between the system and the surroundings; connections between the different parts of the system, and how the system alters over time (Wallén, 1996) .
Theory of Energy System Analysis
Energy systems can be seen as networks connecting sources of energy with end-use demands through various conversion and storage technologies and energy grids transporting the different types of energy.
Energy system analysis tools are computation tools to structure and simplify the complexity of the real energy systems in models describing the energy sources, conversion technologies, energy flows, etc., in a systematic way. The model forms the basis for making analyses of issues related to the modelled system.
The modelling is the process of establishing the framework and a starting point for the analysis. This can include the definition of available energy sources, capacities of conversion and storage technologies and energy demands. The analysis is the way in which the computation tool handles the data in the model together with possible analysis parameters. The combination of these two and the possible analysis outputs makes the tool fit a specific type of application. See Figure 2 . Lund points out in (Lund, 2014 ) that all energy system analysis tools are developed with a specific purpose and with the ability to handle a specific type of energy systems and analysis questions. It is important to be aware of this when choosing a tool for analysis. Hence, some tools might be used for an analysis that answers a question outside the scope and purpose of the tool, which might generate misleading results.
Choice of Energy System Analysis Tools
Since the purpose of this study is to investigate the potential for introducing large-scale HPs in DH in Denmark, where the electricity production from wind and solar is expected soon to reach 50% of the demand, the analysis tools should be suited for this application.
Lund discusses in (Lund, 2014) two main challenges of modelling and analysing energy systems with large shares of fluctuating and intermittent energy sources. The first challenge is handling the fluctuations in a way that reflects the dynamic behaviour of the energy system and the interaction between the components of the system. The other challenge is limiting the biomass consumption to a sustainable level in the development towards an energy system based on 100% RE. Segurado et al. (2009) compare a number of energy systems analysis tools in terms of a series of chosen parameters. This includes types of database availability and abilities to perform cost and environmental analyses. A similar approach is applied by Connolly et al., who review 37 different energy system analysis tools and divide the tools according to a number of parameters relevant to the analysis of integration of RE (Connolly et al., 2010) . Following Connolly's arguments, a number of requirements to the tool can be extracted for this study:
1) Handling of a national energy system 2) Analyse large-scale integration of fluctuating RE sources 3) Model the integration of DH and electricity sectors 4) Calculate system costs 5) Presenting detailed computational data of the model analyses Lund argues in (Lund, 2014 ) that 100% RE systems should be modelled taking into account the variation from hour to hour in the energy system to capture the dynamics in the system properly. In a system with only a small share of fluctuating RE, it may be sufficient to make a calculation without account for hourly variations. However, with 50% electricity supplied from wind and solar power, this case can be regarded as large-scale integration, which according to Lund requires an hourly calculation.
Following the discussion of the requirements to tools for the stated purpose in this chapter, the two tools EnergyPLAN and MODEST have been chosen. These tools can be seen as complementary as EnergyPLAN has a high temporal resolution, whereas MODEST performs a numerical optimisation. Individually, both tools are suitable for the given purpose, but at the same time the tools perform differently in the analysis. This gives an opportunity for the comparison of results and an assessment of the sensitivity of the results to the choice of tool type.
The EnergyPLAN Tool
EnergyPLAN is designed to model and analyse the large-scale integration of RE and 100% RE systems. EnergyPLAN has an inbuilt model of an energy system, defining the possible energy source, conversion units, demands, etc., and the flows between them. This is a very thorough model enabling analyses of many different types of technologies and energy sources, but the user cannot define new types of conversion units that do not already exist in the model. The user has to provide inputs in the form of installed output capacities, efficiencies, fuel mix, costs and demands.
It can be defined in the model how the system should optimise and which solutions should be given priority. The optimisation is based on analytical programming, which means that the optimisation strategies are based on a predefined merit order of the technologies based on the resource efficiency of the technologies and the lowest marginal operation costs, among others. This means that the system does not seek to find an optimal solution as such, but rather simulates how the system operates under given priorities.
The tool works on an aggregated level in the sense that not every plant is modelled, but all plants of the same type are modelled as one. This enables the tool to model and analyse national energy systems in a way that is not too time consuming, as in Connolly and Mathiesen (2014) where the energy system of Ireland is analysed. The tool is able to model the large-scale integration of RE by the use of a variety of technologies for conversion between different forms of energy (electricity, heat, gas, hydrogen, etc.) . This enables the tool to integrate the energy sectors, for example CHP plants, HPs, electric boilers, electrolysis plants and electric vehicles. These are modelled on an hourly basis to take into account the fluctuations in the production and demands and to enable the storage between energy sectors. This is described under the "Smart Energy Systems" concept in the review article in Mathiesen et al. (2015a) .
In EnergyPLAN, the annual system costs can be calculated, which include annuity of investments, fixed and variable costs and fuel costs. The tool does not include a dedicated investment optimisation function, but the optimal capacity of, e.g., HPs can be found in an iterative process manually changing the capacity, thus reaching a minimum of total system costs. Furthermore, the tool provides very detailed results of the calculations, at hourly resolution if needed and for all system flows. This makes the results transparent and it makes the review of the details of a certain simulation very easy.
The MODEST Tool
MODEST is a tool for the optimisation of dynamic energy systems with time-dependent components and boundary conditions. General input data that need to be defined when building a model in MODEST are studied period, time division, discount rate and the energy demands that must be fulfilled (e.g. heat, biofuel, electricity, cooling). Besides the demand nodes, the other elements in the model are networks, plants, start nodes (such as fuels), and so-called "waste nodes". These "waste nodes" open up possibilities for producing more electricity for purposes of export, producing excess heat in order to increase the electricity production, or even producing other by-products (e.g. biofuels or pellets). The plants in the model are described in terms of their efficiencies, maximum capacity, power-to-heat ratio (if it is a CHP plant), maintenance periods and costs, technical and economic lifespans, and possible investment cost (Gebremedhin, 2003; Henning, 1999) .
The aim of the optimisation is to minimise the system cost of supplying the defined energy demands during the analysed period. The system cost includes: new investments, operation and maintenance costs, fuel costs including taxes and fees, as well as revenues from by-products, and lastly, the present value of all the capital costs. The optimisation is performed by choosing the best operation at each time period from existing and potential new plants in the system. Besides the system costs, other outputs from the tool are, e.g., detailed data about the fuel and electricity use, detailed data about productions from the plants and data related to delivering through the networks.
During the last 20 years, MODEST has been applied to different kinds of energy systems with different purposes. In most of these studies, a time division where each year is divided into 88 periods is used. This time division is developed in order to depict seasonal, weekly and diurnal variations in the heat demand and electricity prices. The time division is described in more detail in (Henning et al., 2006) . However, a new distribution of hours has been made for this analysis to better reflect the fluctuations in the wind power production. This time division consists of 96 periods. Every month, hours are divided into the following eight "groups" of hours:
• Monday-Friday 8-13 Here, it is emphasised that the hours with extreme wind conditions, either high or low, will be handled individually. This improves the system sensitivity to fluctuations in the wind production.
Modelling Assumptions and Input Data
In this chapter, the structure of the research performed for this study is described and the applied assumptions and inputs data are presented.
Model of the Energy System in Denmark
The model of the Danish energy system used in this study is shown in Figure 2 . The nodes and flows defining the models are described using a number of parameters and characteristics, such as annual production, efficiencies, conversion capacities, costs, etc., which differ between the scenarios. These specific assumptions are presented in Section 3.3. However, the general system of nodes and flows, shown in Figure 2 , is the same in all scenarios and analyses.
The model is structured according to three DH groups which represent different types of DH systems. The DH groups are defined as follows:
DH Group 1) Decentralised DH systems without CHP units DH Group 2) Decentralised DH systems with back pressure CHP units DH Group 3) Centralised DH systems with extraction CHP plants
The three groups are included to take into account the differences in heat sources and possibilities of interaction with the electricity system. These differences create different potentials for the integration of HPs and electric boilers. The results, presented in Section 4, are not divided into DH Groups, but the details can be found in Appendix. 
Scenarios
The two scenario years for the study have been chosen, 2013 and 2025, to be able to conclude on the current and near future potential for introduction of heat pumps in DH.
Energy System Assumptions
The parameters in the scenario related to the year 2013 are based on statistical data for the year 2013 (Danish Energy Agency, 2014a). The year 2013 has been chosen because this was the latest year where all needed data for the modelling were available. This scenario is documented further in connection to the project IDA Climate Vision in Mathiesen et al. (2015b) and is used as a point of reference when the 2025 scenario is discussed. The scenario for 2025 is based on the statistical data for 2013 combined with a projection of the DH and power sector development made by the Danish Energy Agency (2014b).
In Table 1 , the main energy system parameters are presented. 
Cost Assumptions
The system costs are calculated as socioeconomic costs, which include investments, operation and maintenance, fuel, electricity import and export. System costs do not include taxes, subsidies or levies, because these represent a redistribution of costs rather than actual costs. The term feasible is used in this paper to say that something has a positive socioeconomic contribution. The main cost assumptions included in the study are presented in Table 2 , 2015b) . A socioeconomic discount rate of 3% is applied for the investment costs (Dyrelund et al., 2010) . Investment costs for included technologies not mentioned in Table 2 , fixed and variable operation costs and technical investment lifetime are included in the calculations, but not presented here since these have a minor influence on the results. These can be found in the references as presented above. 
Analysis Procedure and Sensitivity Analysis
The analysis consists of a number of calculations using the two tools, where key parameters are altered to enable the assessment of the sensitivity of the results to these parameters. For every time a parameter is altered, the optimal capacity of HPs is found corresponding to the minimum total system costs -referred to as the potential. Electric boilers are included in the calculations as an option as well.
Baseline calculations.
Initially the scenarios are calculated in both of the tools without any HP capacities as a point of reference.
Closed system calculations. The closed systems are without any electricity import/export capacity to neighbouring regions. The purpose of these calculations is to compare the operation of the model in the two different tools. This configuration is also used in the calibration of the model in the two tools.
Electricity and fuel prices. The electricity and fuel price levels can have a significant impact on the feasibility of HPs because of the markets in which the HPs compete, i.e. DH production and electricity consumption. In this analysis, the price levels are each increased and reduced by 33%. See the assumed values in Table 3 . Investment costs and coefficient of performance (COP) of HPs. The investment costs and COP of the HPs are both related the technological development and the choice of heat source for the HPs. The COP of the HPs is related to the temperature level in both the heat source and the DH networks. No specific temperature levels are considered in this study, but the assumed COP is representing a mix of DH networks and heat sources with different temperature levels. In the future, if temperature levels in general are reduced, the COPs will increase. The investment cost is changed with +/-33% in the analysis and the achievable average COP is changed with +/-0.5. The applied values are shown in Table 4 . 
Results and Discussion
In the first part of this chapter the results of the analysis of the feasible HP capacities in Denmark applying the base line assumptions are presented. In the second section, the main uncertainties related to external conditions and modelling assumptions are presented and discussed. Detailed operational output data for the calculations from the two tools can be found in the Appendix.
Feasibility and Potential of Heat Pumps
In Figure 3 , the main results are presented for the two scenarios. The Reference scenarios show the total system costs of the systems without any HP or electric boiler capacities. The Potential scenarios show the costs of operating a system with optimal capacities.
It can be seen that MODEST identifies higher HP capacities and slightly higher total system costs than EnergyPLAN, but in the same order of magnitude. It can also be seen that both tools find a socioeconomic potential for introducing HPs in both of the scenarios and that the potential in 2025 is significantly higher than in 2013. The socioeconomic benefit of investing in the optimal HP capacity is about 100 M€/year in 2025, considering the reduced costs in the system. See Table 5 in the Appendix for more details. Figure 4 shows the results of the closed system analysis. Here, it can be seen that the costs are higher when electricity trade is not included but also that the differences between MODEST and EnergyPLAN results are minor. It can also be seen that the escalation in the feasible HP capacity, from 2013 to 2025, is about halved in the closed system analysis, which means that the HP capacity is sensitive to electricity market conditions. Optimal capacity of heat pumps (GW-th) Total system costs (B€/year) EnergyPLAN 
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The diagram in Figure 5 shows the relation between HP capacity and total system costs for the 2025 scenario both for base line and closed system calculations. Here, the optimal values seen in Figure 3 and Figure 4 are indicated with circles in the graphs. It can be seen that the tendencies in the results are similar for the two tools both for base line and closed system calculations. The costs identified by MODEST are generally higher than for EnergyPLAN, 0.02-0.12 B€/year, but the tendencies are similar and the tools identify optimal capacities in the same order of magnitude. 
Sensitivity to Changes in Assumptions and Modelling
The results of the main sensitivity analyses are presented in Figure 6 . Here, the consequences of applying alternative high and low values of central analysis parameters, can be seen. More details in Table 6 in the Appendix.
Changes in the electricity and fuel price levels both show relatively high sensitivity, because the optimal capacity goes from more than 5 GW to almost 0 GW. It is important to notice that it is the relative change between the electricity and fuel prices that is important, because in the two cases, the supply of DH shifts from being mainly based on electricity (by HPs) to being based on the combustion of fuels. This means that if, for example, both fuel and electricity prices follow a similar development trend, either increasing or decreasing, the optimal capacity of HPs will not change significantly.
The results are less sensitive to changes in the investment costs and the COP of the HPs. This can be seen as the optimal HP capacities differ less than changes in the energy prices. This means that no matter if the investment costs of HPs decrease and no matter if an average COP of only 2.5 can be obtained, a capacity of around 1.0 GW is still feasible. The results of four central sensitivity analyses are presented, but the sensitivity to other variables have been tested in connection with this study as well. This includes CO 2 -emission costs, discount rate of investments and wind power penetration. However, none of the other tested variable showed remarkable sensitivity, and are therefore not included in this paper. Other central assumptions are discussed in the following section.
Discussion
In this study, it has been assumed that heat sources for HPs are available at unlimited capacities whenever needed for heat production, but the heat sources may in reality be a limiting factor to the possible capacities. Lund and Persson have in (Lund and Persson, 2016) mapped eight different potential heat sources for large HPs in DH. They conclude that heat sources are available in nearly 99% of all DH networks in Denmark without quantifying the time dependency of the heat source capacity. This indicates that it might be possible to achieve heat sources for large capacities of HPs, but the changes in the heat sources during the year should be analysed to determine the annual changes in potential capacity and COP.
As discussed in Section 2.3, Lund (2014) argues that the modelling of energy systems with a large integration of fluctuating RE sources should be performed using at least an hourly temporal resolution. This is in order to provide a sufficient representation of the fluctuations and the impact of these on the energy system. This study shows, on the other hand, that an analysis using only 96 time divisions in MODEST, compared to 8784 in EnergyPLAN, produces very similar results of system operation, fuel consumption and costs. This indicates that hourly modelling may not be necessary at large-scale integration. 100% RE systems with large-scale energy storage will likely have a higher need for detailed temporal modelling and up to 99 time divisions may not be sufficient in this case, but that is not analysed here. Denmark is not the only country with a large interest in wind power. Most of Denmark's neighbouring countries are also building wind farms with increasing sizes. Europe's largest onshore wind farm of 1 GW has recently been announced for construction in Norway (Statkraft, 2016) and the world's biggest offshore wind farm of 1.2 GW has also recently been announced for construction in the UK (DONG Energy, 2016) . This means that the economic potential for import and export of electricity will be limited because of the similarities in weather patterns in different countries. Rodríguez et al. (2014) have analysed how electricity interconnection affects the integration of 100% fluctuating renewables in Europe and found that the need for back-up power can only be reduced from 24 to 15% from no interconnection to a fully-interconnected Europe. Similarly, Østergaard (2008) found that the effect of interconnection between countries with high wind power penetration is limited, taking into account the temporal difference in the occurrence of the fluctuations. This is important to keep in mind because, as shown in this analysis, HP capacities above 2 GW of thermal power will be dependent on external electricity trade. The capacity of 2 GW found in the closed system analysis shows only the potential for the Danish energy system, whereas the 4 GW found in the base line analysis depends on the trade of electricity at the assumed price level. The 4 GW can therefore be seen as a good level, according to an optimistic perspective on the development of the energy price levels, whereas the 2 GW found in the closed system analysis can be seen as a conservative level of HP capacity in Denmark.
On the basis of the results, it can be recommended to revise the current public regulation related to the business economy of HPs in DH. This is necessary because the current public regulation does not encourage investments in HPs for DH, and that is a barrier to the realisation of the socioeconomic potential shown in this study.
Conclusions
The study shows that there is a socioeconomic potential for introducing HPs in DH in Denmark already today of up to 50 M€/year and increasing to 100 M€/year towards 2025. The optimal capacity appear to be in the range between 2 and 4 GW of thermal power. The application and results of the two tools EnergyPLAN and MODEST have been compared, but this comparison does not show any significant differences. The main difference found is that EnergyPLAN generally suggests lower HP capacities and identifies lower total system costs than MODEST.
Sensitivity analyses show that the results are sensitive to electricity and fuel price levels; thus, if the electricity prices increase relative to the fuel price levels, the potential for HPs will decrease and vice versa. The sensitivity to changes in HP investment costs and COP are significantly lower than for the energy prices, and changes in these parameters are not seen as a risk to the feasibility of HPs. 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0. Electric boiler 2  325  325  325  325  325  325  325  325  325  325  325  325  325  325  325  519  Heat pump 2  0  0  1170  1317  0  0  1275  1317  0  0  1170  1438  0  0  1200  1350  Electric boiler 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0. 
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